The natural resistance of plants to disease is based not only on preformed mechanisms, but also on induced mechanisms. The defense mechanisms present in resistant plants may also be found in susceptible ones. This study attempted to analyze the metabolic alterations in plants of the potato Solanum tuberosum L. cv. Agata that were inoculated with the incompatible plant-pathogenic bacteria X. axonopodis and R. solanacearum, and the compatible bacterium E. carotovora. Levels of total phenolic compounds, including the flavonoid group, and the activities of polyphenol oxidase (PPO) and peroxidase (POX) were evaluated. Bacteria compatibility was evaluated by means of infiltration of tubers. The defense response was evaluated in the leaves of the potato plants. Leaves were inoculated depending on their number and location on the stem. Multiple-leaf inoculation was carried out on basal, intermediate, and apical leaves, and single inoculations on intermediate leaves. Leaves inoculated with X. axonopodis and with R. solanacearum showed hypersensitive responses within 24 hours post-inoculation, whereas leaves inoculated with E. carotovora showed disease symptoms. Therefore, the R. solanacearum isolate used in the experiments did not exhibit virulence to this potato cultivar. Regardless of the bacterial treatments, the basal leaves showed higher PPO and POX activities and lower levels of total phenolic compounds and flavonoids, compared to the apical leaves. However, basal and intermediate leaves inoculated with R. solanacearum and X. axonopodis showed increases in total phenolic compounds and flavonoid levels. In general, multiple-leaf inoculation showed the highest levels of total phenolics and flavonoids, whereas the single inoculations resulted in the highest increase in PPO activity. The POX activity showed no significant difference between single-and multiple-leaf inoculations. Plants inoculated with E. carotovora showed no significant increase in defense mechanisms such as enzyme activity and phenolic compounds. Therefore, resistance or susceptibility in S. tuberosum cv. Agata might depend on leaf age, type of inoculation performed (single or multiple), and the interaction between plant and pathogen.
INTRODUCTION
The potato (Solanum tuberosum L.), the fourth most important commercial crop in the world, can be affected by many biotic and abiotic factors, including pathogens and environmental stresses (Juskiewicz et al., 2005; Rauscher et al., 2006) . This is a serious economic problem in countries where potatoes are cultivated over large areas. Among the potato cultivars, Agata is the most promising because of the uniformity and good features of its tubers. Furthermore, it produces many stems and tubers per plant, which contributes to its status as the best-producing variety in Brazil (Pineli et al., 2006) . In spite of its importance, the Agata cultivar is very sensitive to most potato diseases. Some of the important diseases are the bacterial wilt caused by Ralstonia solanacearum, the bacterial soft rot caused by Erwinia carotovora, and the late blight and the early blight caused by the fungi Phytophthora infestans and Alternaria solani, respectively (Nasareno and Jaccoud Filho, 2003; Oliveira et al., 2003) .
The natural resistance of plants to diseases is based not only on preformed defenses, but also on induced mechanisms.
The induced mechanisms are associated with local changes at the site of pathogen infection, such as the hypersensitive response (HR), which is one of the most efficient forms of plant defenses (Kortekamp and Zyprian, 2003) . In addition to causing accumulation of antimicrobial compounds, such as phenolic compounds and phytoalexins (Ortega et al., 2005) , the HR also leads to an increase in the activity of peroxidases (Kortekamp and Zyprian, 2003) and polyphenol oxidases enzymes (Agrios, 1997) involved in defense responses (Thipyapong et al., 2004) .
Phenolic compounds, namely pterocarpans, coumarins, flavonols, and isoflavones (Dixon and Paiva, 1995; Harbone, 1999) , are an important group of secondary metabolites involved in resistance to pathogens due to their antimicrobial activity. The HR response and accumulation of phenolic compounds, such as antimicrobial phytoalexins, were well documented in tobacco plants inoculated with tobamovirus coat protein (Ehrenfeld et al., 2005) . Phenylpropanoid compounds have been shown to be essential to resistance to Cochliobolus heterostrophus and Peronospora sorghi in maize and sorghum plants, respectively (Nicholson and Hammerschmidt, 1992; Anwar, 1995) . The resistance of Arabidopsis leaves to attack by pathogens is related to the presence of the aromatic compound camalexin (Bednarek et al., 2005) . Similarly, catechin synthesis in strawberry leaves is able to inhibit penetration of hyphae of Alternaria alternata (Yamamoto et al., 2000) . Flavonoids are the largest class of phenolics, and show antimicrobial and antioxidant properties (Lorenc-Kukula et al., 2005) . Tubers, flowers, and leaves of potato plants produce flavanones, flavonols, and flavan-3-ols (Lewis et al., 1998) . Isoflavans, isoflavanones, prenylated isoflavonoids, coumarins, 3-deoxyantocyanidins, and flavonols are the best-characterized phenylpropanoid-derived phytoalexins (Dixon and Paiva, 1995; Dixon et al., 2002 Polyphenol oxidase enzymes (PPOs) (EC 1.14.18.1 or EC 1.10.3.2) are widely distributed within the plant, and act in the defense responses (Thipyapong et al., 2004) . The induction of a PPO isoform in tomatoes susceptible to Pseudomonas syringae pv. tomato and Alternaria solani suggests that this enzyme plays a role in disease resistance . The overexpression of PPO in tomato leads to a significant increase in resistance to P. syringae pv. tomato in compatible interactions (Li and Steffens, 2002) . PPO activity is induced in chickpea leaves (Cicer arietinum L.) after inoculation with Ascochyta rabei (Khirbat and Jalali, 1998) . PPOs act in disease resistance by hydroxylizing monophenols to o-diphenols and oxidizing these compounds to quinones, which are often more toxic to the microorganisms than the original phenolic compounds (Gandia-Herrero et al., 2005) . Peroxidase enzymes (POX, EC 1.11.1.7) are also related to plant defense, acting in strengthening the cell wall (Agrios, 1997; De Ascensão and Dubery, 2003) ; and some studies have demonstrated their interference with the growth and development of the pathogen in cucumbers and cotton (Nicholson and Hammerschmidt, 1992; Dellanoy et al., 2004) . In addition, PPO and POX are multifunctional enzymes that can prevent biological and chemical attacks by raising physical barriers or by counterattacking a pathogen with a high production of free radicals (Passardi et al., 2005) . In resistant varieties of grapevine, there is not only a higher basal activity of these enzymes, but also a rapid increase in their activity after pathogen inoculation (Kortekamp and Zyprian, 2003) .
The aim of this study was evaluate the defense mechanisms of Solanum tuberosum cv. Agata in response to plant bacterial pathogens, by analyzing the occurrence of the hypersensitive response, changes in the levels of total phenolic compounds and flavonoids, and the activities of the polyphenol oxidases and peroxidases.
MATERIALS AND METHODS

Plant material
Seed tubers of Solanum tuberosum cv. Agata were provided by potato growers (São Francisco de Paula, RS, Brazil, 29 o 26'49"S 50 o 34'44"W). In greenhouse, tubers were sown and plants were grown in pots with commercial organic soil. Seven to ten-week-old plants exhibiting 12-14 leaves were used for the experiments. Leaves were numbered according to their time of appearance. Leaves located at the base of the stem were numbered from 1 to 4, intermediate leaves were numbered from 5 to 8 and apical leaves were numbered from 9 to 12.
Plant pathogens
Cultures of phytobacteria were provided by Dr. Valmir Duarte (Laboratory of Phytopathology, Universidade Federal do Rio Grande do Sul, Brazil). Xanthomonas axonopodis pv. citri, Erwinia carotovora subsp. carotovora and Ralstonia solanacearum race 1 (biovar 1) were grown in liquid LB medium (10 g .L -1 tryptone, 5 g .L -1 yeast extract, 10 g .L -1 NaCl) at 28 ºC for 48h under 100 rpm. Cultures were centrifuged at 1,250g for 10 min at 10 ºC. The supernatants were discarded and the pellets were re-suspended in 3 mL of sterile distilled water. The bacteria were washed three times. In the final step, the pellet was re-suspended in 3 mL of sterile distilled water and the bacterial concentration was adjusted to 10 8 -10 9 cfu .mL -1 (OD 600nm = 0.3-0.4) (Romeiro, 2001) . The suspensions were immediately used for inoculation of potato leaves and tubers.
Tuber infection
Tubers were infected in order to evaluate the bacterial compatibility/incompatibility. Potato tubers were washed throughly in tap water, immersed in a sodium hypochloride solution (0.5% active chloro) for 15min and rinsed three times in sterile water. Aliquots of bacterial suspensions were inoculated into the tuber's parenchyma (5 mm in depth) using sterile toothpicks. Three series of five tubers were used for each species of bacteria. The control consisted of tubers infiltrated with sterile distilled water. Inoculated tubers were incubated in sterile Magenta boxes at 25 ºC. They were then sliced along the longest lenght 48 hours and 30 days post-inoculations and visible defense reactions or disease symptoms were analyzed.
Leaf infection
Experiments consisted of multiple and single inoculations, which were performed depending on the number of leaves and their location on the stems. About 20-25 μL of the bacterial suspensions were inoculated on the lamina tissues of potato leaves by gentle pressure infiltration through the stomata of the abaxial surface by using a syringe without needle. Suspensions were inoculated on the middle portion of the terminal leaflets, between veins. Plants infiltrated with sterile distilled water were used as control. In all experiments, before and after infiltration, plants were incubated for 48h at room temperature and high relative humidity (80%) (Romeiro, 2001) . The experiments of multiple and single inoculations were carried out with three and nine plants, respectively. Defense reactions were evaluated in leaves 48 and 96 hours postinoculation (hpi) from the experiments of single and multiple inoculations. Samples included the inoculated area and the surrounding mesophyll.
Enzyme activities
Leaf samples (0.5 g) were ground in 5 mL of 50 mM sodium phosphate buffer (pH 7.0), containing 1% Triton X-100 (v/v) and polyvinylpolypyrrolidone (PVPP) (1: 6 w/ v). Extracts were filtered and centrifuged at 2,500g for 15 min at 5 ºC, and the supernatants were used for enzyme assays. Polyphenol oxidase activity was determined spectrophotometrically at 400 nm using chlorogenic acid as substrate. The enzyme activity unit was defined as the change in absorbance .min -1 .μg -1 protein (González et al., 1999) . Peroxidase activity was determined spectrophotometrically by the oxidation of guaiacol at 420 nm, using the extract described above. The reaction mixture contained 50 mM sodium phosphate buffer (pH 6.0), 0.1M guaiacol as substrate and 10 mM hydrogen peroxide. The enzyme activity unit was expressed in mkatal .min -1 .μg -1 protein. One katal (kat) corresponds to the quantity of enzyme activity that transforms 1 mol .s -1 of substrate (Randhir et al., 2002) . Protein was determined according to Bradford (1976) , with bovine serum albumin as standard.
Phenolic compounds and flavonoids
Leaf samples (0.5 g) were ground in 10 mL of 80% methanol (1: 20 w/v). Extracts were filtered and centrifuged at 1,250g for 15min at 15 ºC. Phenolic compounds were quantified by the colorimetric technique using Folin-Ciocaulteau reagents and Na 2 CO 3 (20% w/v). Absorbancy (765 nm) was determined after 30min incubation at 25 ºC in the dark (Arnaldos et al., 2001) . Gallic acid was used as standard. Levels of the flavonoids were determined spectrophotometrically at 415 nm, using the reaction with 96% alcohol, 10% aluminum nitrate and 1 M potassium acetate. Flavonoid content was expressed as mg quercetin equivalents/ g FW (Toor and Savage, 2005) .
Chlorophyll levels in leaves
Leaves (0.2 g) were ground in 20 mL 80% acetone (1: 100 w/v) and 100 mg CaCO 3 . Extracts were used to determine the level of chlorophyll a, chlorophyll b and total chlorophyll in spectrophotometer at 663, 645 and 652 nm, respectively. Concentrations were calculated as described by Whitham et al. (1971) .
Statistics
Mean values are shown for phenolics, flavonoids, chlorophyll contents and enzyme activities. Data were analyzed using one-way ANOVA and multivariate general linear model procedures.
Means were separated by Tukey posthoc test, with the significance level of p ≤ 0.05 (software SPSS version 11.5). When necessary, data were transformed by √x+0.5, in order to obtain homogeneity of variance.
RESULTS
Compatible and incompatible plant responses
Tubers infiltrated with E. carotovora exhibited visible disease symptoms up to 48 hpi (hour post-inoculation). The disease spread rapidly, and was characterized by darkness and soft rot, indicating the susceptibility of the Agata cultivar. Tubers inoculated with R. solanacearum did not develop disease symptoms, but brown spots were visible, indicating the occurrence of cell death. In contrast, neither a hypersensitive response (HR) signal nor disease symptoms were observed in the tubers inoculated with X. axonopodis. Likewise, control treatments did not result in any defense signals after the inoculations (data not shown).
When leaves were inoculated with X. axonopodis and R. solanacearum, a HR could be seen at 24 hpi, while leaves inoculated with E. carotovora showed disease symptoms (data not shown).
Multiple inoculations (basal, intermediate, and apical leaves)
Regardless of leaf age, PPO activity was characterized by significant differences between treatments (Table I) . When R. solanacearum and E. carotovora were inoculated into potato leaves, a significant increase in PPO activity was observed at 96 hpi. Similarly, an increase in POX activity was detected after R. solanacearum infection (96 hpi) (Table I) . Surprisingly, the infiltration of leaves with water (control treatment) also caused changes in the PPO activity.
Bacteria inoculation resulted in changes in the secondary compounds. There was a significant increase in the levels of phenolic compounds in the leaves inoculated with both X. axonopodis and R. solanacearum, while the highest flavonoid levels were found after infection with R. solanacearum ( Fig. 1 A, B) . These responses were easily observed at 96 hpi with both bacteria, independently of the age of the leaf. Leaves inoculated with E. carotovora contained the lowest levels of phenolic compounds, with no significant difference from the levels found in intact leaves (Fig. 1 A) .
When leaf age was considered, potato plants inoculated with the bacteria X. axonopodis and R. solanacearum showed similar responses (Table II) , in which the apical (youngest) leaves showed significantly higher levels of phenolic compounds than the basal leaves. Similarly, the highest increase of flavonoids was observed in the apical leaves of plants inoculated with R. solanacearum (Table II) . In contrast, the most significant increase of PPO and POX activity was found in the basal leaves of plants inoculated with E. carotovora and R. solanacearum, respectively (Table II) . Untreated basal leaves (Table III) showed lower levels of phenolic compounds and flavonoids, higher levels of PPO and POX activity, and lower contents of chlorophyll and soluble proteins than the apical leaves.
Single inoculation (intermediate leaves)
Single inoculations in intermediate leaves led to a significant increase in PPO activity when the leaves were inoculated with R. solanacearum (96 hpi) and X. axonopodis (48 and 96 hpi), as well as an increase in POX activity with E. carotovora (48 hpi) ( Table I) .
The increase in the levels of total phenolic compounds and flavonoids was less significant than those observed with multiple inoculations. The highest level of phenolic compounds was observed in leaves inoculated with E. carotovora. A similar increase occurred in the flavonoid levels, when leaves were inoculated with X. axonopodis (48 and 96 hpi) (Fig. 1 C, D) . Therefore, the highest levels of phenolic compounds and flavonoids were found with multiple inoculation treatments, whereas the highest PPO enzymatic activity was seen in the experiments consisting of a single inoculation (Table IV) .
DISCUSSION
Tubers infiltrated with suspensions of E. carotovora showed visible disease symptoms. According to Romeiro (2005) , these bacteria produce pectinases that degrade pectin, affecting organs such as tubers, bulbs, and fruits. The absence of disease symptoms and the occurrence of a hypersensitive response (HR) in tubers inoculated with R. solanacearum indicated the resistance of the Agata cultivar to this bacterial isolate. This pathogen exhibits great genetic variation, and most of the isolates easily lose pathogenicity during culturing in growth medium (Kelman and Sequeira, 1965) . In this case, the defense responses observed in the Agata cultivar may be related to growth conditions of the pathogen as well as to the presence of noncapsuled isolates (Sequeira and Graham, 1977) . Observation of tubers inoculated with suspensions of X. axonopodis confirmed that the potato is a non-host plant. Similarly, control treatments (inoculated with water) did not induce any defense signals.
Single and multiple inoculations of leaves with bacterial suspensions of X. axonopodis and R. solanacearum led to a HR at 24 hpi, and leaves inoculated with E. carotovora showed disease symptoms. The HR is characterized by necrosis at the site of the infection (González et al., 2006) and impaired growth of the pathogens (Greenberg, 1997). The HR indicates interactions where there is incompatibility Different letters in columns indicate significant differences (ANOVA, Tukey p≤0.05). Numbers in parenthesis represent standard errors of the means. Independent experiments were repeated three times (n=12, for each leaf location). between the pathogen and the host plant (Romeiro, 2001 ). The HR observed in the leaves of the Agata cultivar was accompanied by biochemical defense responses, depending on the type of inoculation (single or multiple), as well as the species of pathogen. Biochemical changes in the cells surrounding necrotic lesions resulted in de novo synthesis of compounds, such as phytoalexins (Nicholson and Hammerschmidt, 1992) . Moreover, the accumulation of phenolic compounds and their oxidation by increased PPO and POX activity are also related to plant defense (Agrios, 1997; De Ascensão and Dubery, 2003; González et al., 2006) . Independently of the leaf age, PPO activity in multiple inoculations was characterized by significant differences among the treatments evaluated. There was a significant increase in PPO activity in leaves inoculated with R. solanacearum and E. carotovora, while a similar increase in POX activity resulted from the infection with R. solanacearum (Table I) .
Considering only leaf age, the untreated apical leaves (the youngest) showed significantly higher levels of total phenolic compounds and flavonoids, and lower levels of PPO and POX activity, compared to the basal leaves (Table III) . It is understood that phenolic concentration depends on the stage of leaf development (Lavola et al., 1998) , and the high amounts of phenolic compounds found in young leaves often decrease with leaf maturation (Manetas, 2006) .
Multiple inoculations with the incompatible bacteria R. solanacearum and X. axonopodis resulted in increased levels of phenolic compounds in all leaves analyzed. Significantly higher levels of phenolics were observed in apical leaves compared to intermediate and basal leaves (Table III) . Flavonoid contents also increased in the apical leaves after multiple inoculations with R. solanacearum (Table  II) . After multiple infections, flavonoid levels were higher than the constitutive levels found in the intact apical leaves (Table II) . These results indicated that these incompatible bacteria may play a role as inducers of the defense metabolism in the Agata cultivar. Therefore, these strains could be used to enhance the defense responses in the potato, minimizing the effects of a possible later infection by compatible bacteria. Untreated basal leaves showed the highest constitutive levels of PPO activity, compared to intermediate and apical leaves (Table III) . After multiple inoculations, the highest PPO activities were found in basal leaves of plants inoculated with E. carotovora (Table II) . However, the increase in this enzyme activity was not sufficient to avoid the development of the disease in basal leaves of the infected plants. It has been reported that PPO clearly plays a role in the resistance of tomato to P. syringae (Thipyapong et al., 2004) . Likewise, leaves of chickpea (Cicer arietinum L.) showed increased PPO activity after inoculation with Ascochyta rabei (Khirbat and Jalali, 1998) , implying that this enzyme may be involved in the hypersensitive response. It has also been reported that PPO expression promotes programmed cell death, likely generating an environment that would discourage adventitious colonization by pathogens .
Untreated basal leaves of the Agata cultivar showed higher levels of POX activity than did the intermediate and apical leaves (Table III) . After multiple inoculations, potato leaves inoculated with R. solanacearum showed an increase in POX activity. Interestingly, the greatest increase in POX activity occurred in basal leaves after R. solanacearum inoculations (Table II) . The observed resistance in relation to leaf age, where the older (basal) leaves were more resistant, appears to be related to POX activity (Kortekamp and Zyprian, 2003) . The highest POX activity in older leaves does not occur passively over time, but is instead regulated differently by the plant in old and young leaves (Barto and Cipollini, 2005) . During leaf expansion of A. thaliana, as well as in the senescent tissues, an increase in the total peroxidase activity was reported, and a peak of activity was detected at the end of the leaf expansion (Abarca et al., 2001) . Kortekamp and Zyprian (2003) observed either a higher basal level or a rapid enhancement of peroxidase activity in grapevines resistant to the fungus Plasmopara viticola. In cucumbers, lignification mediated by POX activity was one of the most important defense responses (Nicholson and Hammerschmidt, 1992) . POX catalyzes the cell-wall crosslinking, promoting the strengthening of cell walls, and therefore acting against the pathogen attack ( Agrios, 1997; Crozier et al., 2000; De Ascensão and Dubery, 2003) .
Untreated basal leaves showed lower levels of soluble proteins and chlorophyll content than did apical leaves (Table III) . Low levels of proteins and chlorophyll in the leaves indicate a process of senescence. During senescence, leaf cells undergo drastic metabolic degeneration of cellular structures, starting with chlorophyll catabolism as well as protein and RNA degradation, with the loss of photosynthetic activity (Hörtensteiner and Feller, 2002) . The senescence process has also been associated with an increase in oxidative stress, as revealed by hydrogen peroxide accumulation, lipid peroxidation, and cell wall stiffening (Cabello et al., 2006) . Moreover, plant peroxidases create a highly toxic environment by massively producing reactive oxygen species (oxidative burst), which results in adverse growth conditions for microorganisms (Dellanoy et al., 2004; Passardi et al., 2005) .
Single inoculations in intermediate leaves resulted in a significant increase in PPO activity when leaves were inoculated with R. solanacearum and X. axonopodis, suggesting that PPO may be a plant defense response against incompatible bacteria. A significant increase in POX activity occurred when intermediate leaves were inoculated with E. carotovora (Table I) . However, the increase in POX activity failed to prevent the development of the disease.
The highest PPO activity was observed in the single inoculation, whereas there was no significant difference in POX activity during the two inoculation experiments (Table IV) . Our results suggest that the defense responses, which vary in accordance with the type of treatment, may be related to systemic acquired resistance mechanisms. A strong increase in the PPO activity during the experiments with intermediate leaves may also indicate a previous increase in the levels of phenolc compounds, which are substrates to form compounds that are toxic to microorganisms. On the other hand, the delay in the increase of this enzyme activity observed in the experiment with multiple inoculations may be a consequence of high stress caused by the infection of the majority of the plant leaves. The resistance depends on the cell autonomy and the timing and intensity of defense responses (Moraes, 1998) . Thus, when these responses occur in a rapid and coordinated manner (Yamamizo et al., 2006) , they result in resistance against pathogens. Resistance or susceptibility in the potato cv. Agata resulted in defense responses that differed qualitatively and quantitatively, depending on leaf age, type of inoculation performed (single or multiple), and on the interaction between the plant and the pathogen.
